Aims/hypothesis Accumulating evidence suggests that maternal obesity may increase the risk of metabolic disease in the offspring. We investigated the effects of established maternal diet-induced obesity on male and female offspring appetite, glucose homeostasis and body composition in rats. Methods Female Wistar rats were fed either a standard chow (3% fat, 7% sugar [wt/wt]) or a palatable obesogenic diet (11% fat, 43% sugar [wt/wt]) for 8 weeks before mating and throughout pregnancy and lactation. Male and female offspring of control and obese dams were weaned on to standard chow and assessed until 12 months of age. Results At mating, obese dams were heavier than control with associated hyperglycaemia and hyperinsulinaemia. Male and female offspring of obese dams were hyperphagic (p<0.0001) and heavier than control (p<0.0001) until 12 months of age. NEFA were raised at 2 months but not at 12 months. At 3 months, OGTT showed more pronounced alteration of glucose homeostasis in male than in female offspring of obese animals. Euglycaemic-hyperinsulinaemic clamps performed at 8 to 9 months in female and 10 to 11 months in male offspring revealed insulin resistance in male offspring of obese dams (p<0.05 compared with control). Body compositional analysis at 12 months also showed increased fat pad weights in male and female offspring of obese animals. Conclusions/interpretation Diet-induced obesity in female rats leads to a state of insulin resistance in male offspring, associated with development of obesity and increased adiposity. An increase in food intake may play a role.
be changes in lifestyle with poor physical activity and abundance of high-energy foods [5] , evidence from animal and human studies now implicates events in the earliest stages of life, suggesting that aberrations in intra-uterine environment can 'program' metabolic syndrome in the offspring in later life [3, [6] [7] [8] . The evidence includes studies in human cohorts, which have suggested that maternal obesity is a risk factor for development of childhood metabolic syndrome or obesity [9] [10] [11] . Children of obese mothers also have increased risk of higher BMI in adult life [12] . While a shared post-natal environment and genetic susceptibility are likely contributors [13] , the greater influence of maternal than paternal BMI on childhood BMI reported in some cohort studies may indicate an independent influence of the intrauterine environment on offspring adiposity [14] . Maternal gestational diabetes, which is strongly associated with maternal obesity, has also been associated with offspring childhood obesity [15] . Together, the studies cited have led to development of the 'fetal overnutrition hypothesis'.
Animal studies addressing this hypothesis avoid the influences of genetic traits and control for postnatal environmental influences. Studies from our laboratories and others have shown that a maternal diet rich in animal fat during gestation and lactation leads to the development of an offspring phenotype with characteristics of the metabolic syndrome even when offspring are reared on a normal diet [16] [17] [18] [19] [20] . However, these dietary manipulations were made only during the short period of gestation and lactation and rodents fed a diet rich in fat alone are generally resistant to the development of obesity [16] .
In this study we investigated the offspring of Wistar rats in which obesity was induced by feeding a highly palatable diet enriched in fat and simple sugars from weaning throughout adult life and pregnancy. After 2 months on the diet, the animals were mated and the experimental diets maintained throughout pregnancy and lactation. All offspring were weaned on to a standard chow diet. In the offspring insulin resistance was assessed in both sexes when young and at adulthood using OGTT and euglycaemichyperinsulinaemic clamp. Offspring body composition, food intake, relevant plasma analytes and pancreatic insulin content were also determined. 16 .736 kJ/g; Nestlé, Brussels, Belgium) diluted (1:1, wt/wt) in tap water. All animals were housed under standard conditions (light on 07:00-21:00 hours; temperature 20±2°C; humidity 50±10%) with free access to water.
Methods

Animals and diets
The animals were fed the control (n=14) or the obese diet (n=16) for 60 days prior to mating, and during gestation (∼21 days) and lactation (21 days). Food intake and body weight were assessed three times a week until mating and daily during gestation/lactation by weighing the food and condensed milk consumed.
Females were allowed to deliver spontaneously. Within 24 h of delivery the litter size was assessed, pups weighed and sexed, and litters culled to eight pups (four males and four females where possible). After sexing at birth, pups were not sexed again until weaning to avoid disturbance of the litter. Pups were weighed daily until weaning at 21 days. At weaning, all pups were removed from dams, housed individually and fed the control diet. Body weight and food intake were assessed three times a week.
Rats were bred according to Belgian regulations on animal welfare. The study protocol was approved by the animal use Ethical Committee of the Université catholique de Louvain.
Blood sampling and analysis of plasma variables (dams and offspring) After 2 months on the diet and prior to mating, dams were fasted overnight and tail vein blood samples collected into ice-cold heparinised tubes. The same protocol was used with non-fasted dams at gestational days 10 to 11 and overnight-fasted offspring of 2 and 12 months of age. Plasma was separated immediately after sampling by centrifugation (8,000×g, 10 min, 4°C) and stored at −80°C. All plasma analyses were performed at the RIVM (Bilthoven, the Netherlands) on an autoanalyser (Hitachi 912; Roche Diagnostics, Almere, the Netherlands) using the following commercial kits: Gluco-Quant/HK, Triglycerides-GPO-PAP, Cholesterol-CHOD-PAP (Roche Diagnostics, Brussels, Belgium); NEFA-C (Wako Chemicals, Neuss, Germany); rat insulin ELISA kit (Mercodia, Upsala, Sweden); and rat leptin ELISA kit (Biovendor, Modrice, Czech Republic).
OGTT (offspring) Insulinaemic and glycaemic responses to an OGTT were determined in 3-month-old male and female offspring (four males, four females per litter) after an overnight fast according to Merezak et al. [21] . After collection of a basal blood sample, 0.7 ml/100 g body weight of a 50% glucose solution (wt/vol., 2.78 mol/l) was administered by gavage. Tail venous blood samples were collected in ice-cold heparinised tubes at 15, 30, 60, 120 and 150 min to measure glucose and insulin. Glucose homeostasis was assessed by calculating the AUC of glucose and insulin.
Euglycaemic-hyperinsulinaemic clamp (offspring) Euglycaemic-hyperinsulinaemic clamps were carried out according to Perrin et al. [22] , but in awake and semi-restrained animals. Females (one per litter) were studied at 8 to 9 months and males (one per litter) at 10 to 11 months. A polyethylene catheter was inserted into the right jugular vein under xylazine/ketamine anaesthesia, externalised on top of the skull and secured with dental cement. Animals were injected with finadyne (1 g/kg body weight; ScheringPlough, Maarssen, the Netherlands) for analgesia following surgery. The jugular catheter was used for intravenous infusion and blood samples were taken from the tail vein. Clamps were conducted at least 7 days after surgery to allow recovery from surgical stress.
Overnight-fasted rats were infused (6 mU kg
with human neutral insulin (Actrapid HM, 100 U/ml; Novo Industries, Copenhagen, Denmark) diluted in saline. Blood glucose was maintained at the basal level (6 mmol/l) through adjusted perfusion of glucose solution. Blood samples (25 µl) were collected at 5 min intervals for measurement of plasma glucose (Glucose Analyser II; Beckman) and a 100 µl sample was taken at baseline and during euglycaemia for insulin measurement. Total blood volume removed during the whole clamp experiment was equal to 850 µl and replaced by saline. The glucose infusion rate (GIR), a measure of whole-body glucose utilisation, was calculated as the amount of glucose perfused during a 1 h period of steady-state glycaemia and expressed as mmol glucose kg
Body composition (offspring) At 12 months of age, offspring (one of each sex per litter) were killed and the pancreas, adrenals, liver, heart, kidneys, brain, soleus muscle and fat pads (mesenteric, perirenal, perigonadal, subcutaneous) weighed and stored at −80°C.
Pancreatic insulin content (offspring) At death by killing (12 months of age, one animal of each sex per litter), approximately 100 to 200 mg of the pancreas (splenic part) was homogenised in acid ethanol. Insulin content was determined (ELISA kit, Mercodia) and expressed as pmol insulin/mg tissue weight.
Statistical analysis Data are expressed as means±SEM, male and female rats were analysed separately. Betweengroup comparisons of body weight, food intake, OGTT and euglycaemic-hyperinsulinaemic clamp were undertaken by two-way ANOVA followed by the Bonferroni post-hoc test.
Between-group comparisons of plasma variables, pancreatic insulin content and body composition were made using Student's t test. The non-parametric Mann-Whitney test was used when data were not normally distributed according to the Kolmogorov-Smirnov test. A value of p<0.05 was considered statistically significant. Data were analysed using GraphPad Prism (GraphPad Software, San Diego, CA, USA). In all cases, n refers to the number of litters in each group. In all experiments (except the clamps) more than one animal of each sex from each litter was studied. To avoid sibling bias, data from male or female littermates were averaged to provide one data point for each sex for each litter.
Results
Dams: food intake, growth curves and plasma variables at 80 days of age Female rats fed the obese diet gained more weight than control females ( Fig. 1 a) . This was associated with raised energy intake (obese 400.1±5.9 kJ/day, days 20 to 60, compared with control 252.7±1.3 kJ/day; p<0.001) ( Fig. 1 c) . After 60 days on the diet, fasting plasma concentrations of glucose, insulin and leptin were significantly increased in obese compared with control females (p<0.05) ( Table 1 ). Lipids remained unaffected by the diet. Dams: food intake, growth curves, plasma variables during gestation and lactation At mating, obese females weighed more than control females (303±9 g vs 258±3g, p<0.001).
During gestation, body weight of both obese and control dams increased similarly and body weight of obese females remained significantly higher than control. The same observation was made for food intake. A few days after delivery, no significant difference in body weight and food intake between obese and control females was observed ( Fig. 1 ). Table 1 shows plasma variables at days 10 to 11 of gestation. Plasma glucose, insulin and leptin were significantly increased in obese compared with control animals (p<0.05). Lipids remained unaffected by the diet.
Offspring: birthweight, litter size and growth curves during lactation Litter size of obese pregnancies was increased (obese 14.5±0.7 pups, n=15, vs control 10.6±0.6 pups, n=15, p<0.001) and although litter mass was also higher (obese 90.3±4.0 g, n=15, vs control 73.7±3.0 g, n=15, p<0.01), within each litter offspring of obese dams had lower birthweights than control (6.25±0.11 g, n=15, vs 6.88±0.12 g, n=15, p<0.001). The litter female:male sex ratio, an imbalance of which could contribute to litter birthweight differences, was not significantly different between groups (female:male obese 1.5±0.4, n=15, vs control 1.3±0.2, n=15).
After litter size was reduced to eight pups in all litters (four of each sex), individual pup weights were assessed daily until weaning but animals were not sexed at weighing until weaning. Progressively, pups of obese dams became heavier than control (ANOVA p<0.001). Post hoc analysis revealed no difference in pup weights until 12 days of age, when weights diverged significantly until weaning at day 21 (64.5±2.2 g, n=13, vs 55.7±1.3g, n=15, p<0.001) (Fig. 2) .
Offspring: post-weaning food intake and growth curves By 4 weeks of age, i.e. 1 week after weaning, there was no difference in bodyweight between male and female offspring of obese and control dams. As the animals matured, male offspring of obese dams again became heavier than control (ANOVA, p<0.0001) and demonstrated hyperphagia as shown by an increase in weekly food intake (ANOVA, p<0.0001). Differences were less pronounced in female offspring of obese dams, although both weight and food intake were greater than control offspring (p<0.0001). In contrast to male offspring, body weight and average daily food intake curves of female offspring from obese and control groups converged at week 52 (Fig. 3) .
Offspring: plasma variables at 2 and 12 months of age At 2 months of age, the plasma concentration of NEFA was significantly increased in male and female animals of obese dams compared with control (p<0.05) ( Table 2 ). In males alone, the leptin concentration was raised in the same group (p<0.05). At 12 months of age, plasma concentrations of glucose, insulin, cholesterol, NEFA and triacylglycerol were not significantly different between the two offspring groups (Table 2) .
Offspring: OGTTs at 3 months of age In males, no difference in fasting plasma glucose and insulin concentrations was observed amongst the groups. An increase of the AUC for glucose showed marginal significance (p=0.055). In females, no difference in basal glucose and insulin was observed among the groups. Glucose and insulin responses of female offspring of obese dams were not significantly impaired when compared with control (Fig. 4) .
Offspring: euglycaemic-hyperinsulinaemic clamps In 8-to 9-month-old female offspring of obese dams, overnight fasting plasma insulin concentration was not significantly increased compared with control offspring (274.3±97.3 vs 170.2 ±41.7 pmol/l). At steady-state euglycaemia, no significant difference was observed between female offspring of both groups for GIR (0.126±0.009 vs 0.138± 0.015 mmol kg
) and plasma insulin concentration (663.3±170.2 vs 460.1±45.1 pmol/l).
In 10-to 11-month-old males, overnight fasting plasma insulin was significantly increased in offspring of obese Offspring: body composition at 12 months of age Male and female offspring of obese dams showed a twofold increase in fat pad mass compared with control. Females, but not males, of the same group showed a significant increase in weight of the adrenals, heart and kidneys (Table 3) .
Discussion
This study has shown that male and to a lesser extent female offspring of dams rendered obese by long-term high-energy feeding developed a metabolic syndrome-like phenotype characterised by increased adiposity and insulin resistance. Sex-related differences were observed, with male offspring more prone to develop precocious alterations of glucose homeostasis than females.
The concept of developmental programming, first proposed by Barker and colleagues in the 1990s [23] , has been extensively demonstrated in human and animal studies focusing on the effects of maternal malnutrition [7] . Westernised societies are now confronted not with maternal undernutrition, but with an epidemic of obesity. Relatively little is known about the persistent consequences of maternal obesity for the developing offspring. Some studies in rodents have assessed influences of maternal high-energy diets using only a short time window, generally less than 14 days prior to mating or only during gestation and/or lactation, and have generally failed to achieve obesity in the dam [16, 19, 20, [24] [25] [26] . A few, using a prolonged feeding period to induce obesity [17, 27, 28] , have generally switched from a high-energy diet to a control diet postdelivery [28] , potentially inducing changes of the milk composition [29] . Since lactation may be a critical period for neonates in the programming of obesity, these protocols may affect the offspring phenotype [30] . Moreover, many studies used a high-fat diet without added sugar, which does not induce obesity in rodents unless fed for extensive periods [28] . In our model, approximately 11% of energy was provided by saturated fat and 43% from simple sugars, equivalent to high value within the normal dietary range in man, and hence reflective of human diet and obesity [31] .
A direct effect of maternal obesity as such on the development of key features of metabolic syndrome in offspring has been suggested by studies in transgenic animals; adult wild-type progeny of obese and insulin-resistant heterozygous leptin receptor-deficient (Lepr db/+ ) mice showed an increase of fat mass [32, 33] . Using an identical diet to that of the present study, we have also recently shown a similar increase in fat mass in the offspring of obese mice, proving commonality of this model in different rodent species [34] . Further support for generation of obesity in the offspring of obese dams comes from Bayol et al., who showed that offspring of rats that were fed a 'junk food' diet (including highly palatable foods such as chocolate, crisps and doughnuts) in pregnancy and lactation developed increased fat mass after weaning on to a normal diet [35, 36] . In contrast to the present study, this was more predominant in females than males [35] .
We cannot exclude a direct effect of elements of the obesogenic diet on the developing offspring. Indeed, the offspring of rats fed a fat-enriched diet during the gestation and/or lactation periods without development of overt maternal obesity also developed an increase in body fat mass [16, 37] . Male offspring of dams fed a diet enriched in saturated fatty acids (from 2 weeks prior to mating) showed a greater reduction in insulin sensitivity than offspring of dams on unsaturated fat diets [38] , demonstrating the importance of the fatty acid composition of high-fat diets.
Indeed, the saturated fat component of the diet of the obese dams was high in the present study, although there was proportionately more carbohydrate than fat in the diet. With regard to a possible independent influence of the enriched carbohydrate element of the diet, less is known. Others [39] have shown that offspring of female rats fed a highcarbohydrate diet (80% carbohydrate, 7% fat) for 3 weeks before mating, and during gestation and lactation did not show any increase in body fat at 15 weeks of age when compared with animals fed a diet high in saturated fats. When intragastric feeding (75% carbohydrate, 5% fat) for 3 weeks prior to pregnancy and during pregnancy was used to rapidly induce maternal obesity, offspring showed increased adiposity compared with controls, but only when both controls and experimental offspring were fed a highfat diet [28] . However, this protocol differed from that in the present study as the pups were cross-fostered to a control-fed dam. In view of these reports and given the composition of the diet used in the present study (11% fat, 43% carbohydrates), it is likely that maternal body composition itself plays a major role on development of increased body mass in the offspring.
Insulin resistance is central to metabolic syndrome. Here, we have shown that male offspring of the obese dams were insulin-resistant, whereas there was no evidence for this in females at the age studied. This finding was suggested using OGTT and confirmed by the euglycaemic-hyperinsulinaemic clamp. While others have reported insulin resistance in normally fed offspring prenatally exposed to an obesogenic diet [28, 34] and in offspring of fat-fed dams [26] , no previous study has used this 'gold standard' method to assess peripheral insulin resistance in offspring of obese dams. We have therefore provided unequivocal evidence that insulin resistance can be 'programmed' in offspring by diet-induced, maternal obesity in the rat. The mechanisms underlying the development of insulin resistance remain to be determined, and future studies will ascertain whether this is a primary effect, for example through persistent alteration of insulin signalling pathways, or whether it is related to the development of adiposity in the offspring. In our 3-month-old males, which already showed evidence of impaired glucose tolerance, plasma concentrations of NEFA were raised (measured at 2 months). As NEFA are the product of adipose tissue lipolysis and in the obese state have been strongly implicated in the pathogenesis of peripheral insulin resistance, they could play a causative role [40] .
The greater food intake in the offspring of the obese dams, which was evident from 10 weeks of age, may play a role in influencing the increased fat mass observed in the adult offspring. Since we have also observed hyperphagia in the offspring of obese mice fed the same diet [34] , persistent alteration in regulation of appetite-controlling pathways may play a causative role in the development of increased adiposity in both species. Food intake has not been rigorously assessed by others addressing the same hypothesis [28] , although Bayol et al. [35, 41] have implicated altered food preference (for 'junk food' over standard chow) in development of obesity in offspring of dams fed the 'junk food' diet throughout pregnancy and lactation, but not when exposed to the diet during pregnancy only. Similarly no difference was shown in food intake in the offspring of obese dams exposed to this obesogenic diet during gestation alone [28] .
The suggestion that appetite could be developmentally regulated is supported by a growing body of evidence. Mechanistically, insulin, glucose and leptin have been implicated in the developmental programming of appetite in other models. In the present study, the pregnant dams (days 10-11) showed clear hyperinsulinaemia and hyperglycaemia, suggesting a phenotype similar to human gestational diabetes. Ideally, plasma analytes should have been assessed on the same day rather than over a 2 day period (days 10-11), but this is unlikely to have had a major influence on data interpretation. Moreover, adult offspring from a murine model of gestational diabetes (heterozygous C57BL/KsJLepr db/+ ) [32] and from a rat model of diabetes induced by streptozotocin [42] showed hyperphagia, increased adiposity and alterations of the glucose homeostasis.
There is now an increasing focus on the lactation period, which is recognised as a crucial 'window' for the programming of appetite in later life [8] . Plagemann's group has shown litter size reduction (and resultant overfeeding in neonatal life) promotes offspring hyperphagia and obesity in adult life [30] . Although litter size was standardised in the present study, enrichment of the milk composition would be anticipated to have a similar effect to small litter rearing. Leptin plays a major role in the control of appetite [43] and elegant studies have shown that this peptide can influence the development of neuronal projections between arcuate and paraventricular nuclei of the neonatal hypothalamus, thereby influencing appetite regulatory pathways [44, 45] . It has therefore been proposed that altered leptin exposure during neonatal life could induce leptin resistance, promoting hyperphagia and obesity [8, 46] . To address this hypothesis, further studies should rigorously assess the postnatal leptin profile in milk composition, as well as the neonatal leptin profile in this model. Although not undertaken in the present study, weight and leptin profiles should preferably be assessed separately in male and female pups in view of the marked sex-related differences observed in adult offspring.
To our knowledge this study is the first to demonstrate differing degrees of insulin resistance between male and female offspring of obese rats. Sex-related differences are commonly described in other models although no mechanism has been identified [47, 48] . However, the design of our study in this regard was not ideal, as, for practical reasons, female offspring were studied at a younger age (8-9 months) than the males (10-11) months. While we cannot categorically state that the difference in age did not contribute to the sex-related difference observed in insulin resistance, our recent report on the offspring of obese mice [42] also showed that glucose intolerance was predominantly observed in males. Moreover, we have also previously shown a male predominance of insulin resistance in adult offspring of rats fed a lard-rich diet [49] . Also, there was a marginally significant difference in insulin resistance in males, but not in females at 3 months. Nonetheless, the relationship between the abnormalities observed and the normal processes of ageing, which we shall be exploring next, could provide interesting insights into premature development of age-related diseases, especially diabetes.
The increased litter size in the obese pregnancies was of interest and to our knowledge not previously reported. The associated reduction in pup size was small and there was no evidence of catch-up growth in the restricted litters followed longitudinally. Numerous studies have shown that fetal growth restriction is associated with a greater risk of insulin resistance and obesity in later life, and we cannot discount a persistent effect of modest fetal growth restriction relative to controls in this study. However, in the absence of rapid catch-up growth, as observed in severely growth-restricted pups from undernourished dams, it seems unlikely that this plays an important role in elaboration of the phenotype [50] .
In conclusion, we have shown that obesity in female rats, manifested to a degree that in humans would translate into a clinically obese BMI, leads to a state of insulin resistance in male offspring and development of increased adiposity in offspring of both sexes. We propose that a developmentally acquired increase in food intake plays an important role in fat accumulation. Further studies using cross-fostering protocols will determine the relative influences of maternal diet-induced obesity during gestational and post partum periods, as well as addressing the role of the postnatal leptin status. Studies in man should not only address associations between maternal body and offspring body composition, but also relationships with offspring appetite.
